Molecular dynamics simulation is performed to investigate how solid surface free energy determines the coalescence-induced jumping of nanodroplet on superhydrophobic surfaces. The nanodroplet-jumping is found highly sensitive to the solid surface free energy represented by the fluid-solid bonding strength parameter  . The coalesced-nanodroplet fails to jump off the surface when  is 0.15 (contact angle being 145º) while succeeds to jump off the surface when  is 0.05 (contact angle being 175º). We find that a small proportion (ca. 2~4%) of the surface free energy released in both cases is eventually converted to kinetic energy in the jumping direction, which is in the same order as the conversion efficiency previously predicted for microdroplets. A lower solid surface free energy decreases viscous and interfacial dissipation and hence increases the kinetic energy converted and eventually leads to sufficient kinetic energy in the jumping direction for nanodroplet to jump up. Our results also address the importance of the liquid-solid surface interaction in the coalescence-induced jumping of nanodroplets and the determination of the minimum size of jumping nanodroplets.
free energy of droplets, released by the reduction of surface area throughout coalescence, is converted to kinetic energy of the droplet normal to the substrate surface. 3−5 This phenomenon has been widely investigated for complex interfacial physics and potential applications in self-cleaning, 6 The conversion efficiency of the surface free energy released to kinetic energy is affected by many factors, including droplet size，solid surface adhesion, contact angle hysteresis and wetting status. It has been demonstrated that the droplet size has an important effect on the energy conversion because both the surface free energy released and the viscous dissipation depend on the droplet size. The relative importance between viscous dissipation and released surface free energy can be described by Ohnesorge number ( Oh ),  and r being the dynamic viscosity, density, surface tension and radius of droplets, respectively. A theoretical analysis for the droplet coalescence on a rough superhydrophobic surface established an analytical correlation among the coalescence-induced velocity, solid surface free energy, viscous dissipation and droplet size. 24 They showed that the self-propelled behavior occurs only for droplets of the radius within a certain range. In addition, as the droplet size decreases, the jumping velocity increases, reaches the maximum value at the diameter of ca. 50 μm, and then decreases. 24 The decrease in jumping velocity of small size droplets is due to the increasing viscous effect and hence the decreasing conversion efficiency of released surface free energy. Earlier numerical simulations 25 and theoretical modelling 12, 24, 26 predicted that nanoscale coalesced-droplets are unable to jump up because the released surface free energy is largely consumed by considerable viscous dissipation. This is also predicted by a theoretical analysis based on the conservation of droplet interfacial free energy and viscous dissipation before and after two condensed droplets merge. 25 They found that a merged droplet of too small or too large size is unable to jump up because of the domination of viscous dissipation or gravity, respectively.
However, some other investigations 4, 30, 33, 35 have demonstrated that the size of self-jumping droplets can be downsized to nanoscale. Recently a molecular dynamics simulation 30 demonstrated that despite the large internal viscous dissipation, the coalesced nanodroplet on a super-hydrophobic surface can jump up, with a contact angle of approximately 180 degree. 30 The coalescence-induced jumping of water nanodroplet (radius R ≈ 500 nm) was experimentally investigated on superhydrophobic surfaces of carbon nanotubes by varying the thickness of the conformal hydrophobic coating. 35 They showed that the minimum radius of 3 jumping nanodroplets increases with increasing solid fraction and decreasing apparent advancing contact angle.
The coalescence-induced jumping of the droplets has been explained by the bouncing force of the solid surface. However, at nanoscale, the liquid-solid interaction has considerable effect on the movement of the contact line during the dewetting process. 31,36−38 In the condensation on lotus leaves, for example, the interfacial dissipation could be an important factor to control the jumping of nanodroplet. 12 The solid surface free energy (i.e. fluid-solid interfacial free energy) also influences the conversion of the released surface free energy (vapor-liquid interfacial free energy) to the kinetic energy of droplets. Moreover, the modelling of the moving contact line encounters a problem of singularity behavior and thus the Navier-slip model, geometric formulation method or even zero-adhesion assumption are employed to avoid this problem. 33 A theoretical analysis has shown that the key factors, resulting in condensed droplets jumping, include the resistance to the contact line moving on solid surfaces in addition to the released surface free energy. 25 The experimental investigation explored the limitation to nanodroplet jumping due to surface adhesion in addition to the hydrodynamic limitation due to viscous dissipation. 35 They investigated condensation on carbon nanotube surfaces with an effective solid fraction of about 0.10 and found that surface adhesion plays a vital role in determining the minimum size of jumping nanodroplets. 35 It can be seen that the mechanism of nanodroplet jumping, particularly the adhesion effect at the liquid-solid interface at nanoscale, is still worthy of further investigation.
In the present work, molecular dynamics simulation is performed to investigate the coalescence and jumping of nanodroplet on superhydrophobic surfaces with different surface free energies. The moving contact line is directly monitored by detecting the molecules at the liquid-solid and liquid-vapor interfaces.
The variations of potential energy of molecules at interfaces are analyzed. Particularly, we investigate the mechanism of solid surface free energy during the coalescence and jumping processes by comparing the jumping and non-jumping cases.
II. SIMULATION DETAILS
A. Simulation System In the molecular dynamics simulation, the fluid-fluid molecular interaction is described by the The description of wettability based on fluid-solid interaction strength has been widely employed to simulate the dependence of surface wettability on solid surface free energy 40, [42] [43] [44] . In our previous work 43 , when β increases from 0.10 to 0.70, the contact angle decreases from 175º to 20º, at temperature of is slightly larger than 158, an overestimated lv n is seen because some molecules in the bulk liquid are detected as lv molecules (see in Fig. 2(d) ). Therefore, the critical coordination number co,2
N is determined to be 158. In Fig. 2(e) , the liquid molecules with 
III. RESULTS AND DISSCUSSION
As shown in Fig. 3 , the processes in both cases appear three successive stages, namely the coalescence ( Fig. 4(a) .
Consequently, the nanodroplet fails to jump up.
2. On surface with = 0.05 β After detachment, the nanodroplet keeps rising and its c v decreases linearly (see Fig. 4(b) ), suggesting a constant drag force by the vapor on the jumping nanodroplet. The vapor resistance as a surface force is different from the gravitational force as a bulk force. It is noteworthy that the former grows more and more significant than the latter with the droplet downsizing into nanoscale due to considerably large surfaceto-volume ratio. The present result supplements the earlier work that air friction has little influence on the jumping velocity of microdroplets.  is dependent on the radius. 50 Therefore, a method is needed to evaluate the surface free energy of coalescing nanodroplet. 
The evolutions of p E  with time in both cases are plotted in Fig. 8 
Moreover, since there exist no liquid-vapor phase-change, it is reasonably assumed that the number of all liquid molecules are not changed, i.e. momentum in the z-direction. 21 Nevertheless, due to a downwards initial velocity and a shorter period of acceleration time, its maximum value of c v is apparently lower than that in the jumping case.
In the coalescence stage, the maximum value of 
IV. CONCLUSIONS
Molecule dynamics simulations have been performed to investigate how solid surface free energy determines coalesced-nanodroplet jumping. We exhibit the dynamics of the moving contact line and energy conversion during the coalescence and jumping/non-jumping of nanodroplet. An interface detection method is proposed and the evolutions of the number of interfacial molecules and their molecular potential energies are analyzed. The excess surface free energy released and energy conversion efficiency are evaluated. 13 We find that an increase in solid surface free energy (  from 0.05 to 0.15) essentially switches the 
